Abstract. Most human cancer cells maintain telomere to immortalization through telomerase activity. Inhibition of telomerase activity is a powerful strategy for cancer therapy; however, the potential molecular signals following telomerase suppression are still not clear. Promyelocytic leukemia protein (PML) is an essential component of PML nuclear bodies and a tumor suppressor in bladder cancer. In this study, using mutant human telomerase reverse transcriptase (hTERT) or shRNA to inhibit telomerase activity, we found telomerase suppression increased the expression of PML and resulted in its translocation to the nucleus in bladder cancer T24 cells. Additionally, we found that p53 was recruited into nucleus and colocalized with PML after telomerase suppression. Subsequently, there was a decrease in cell growth in vitro and in vivo and an increase in cell cycle arrest and apoptosis. Furthermore, we showed here that PML is indispensable for p53 nuclear translocation and p21 induction after telomerase inhibition. Therefore, our data indicate that suppression of telomerase could activate the PML-dependent p53 signaling pathway and inhibit bladder cancer cell growth, and also provide new insight into the potential crosstalk between PML and hTERT in bladder cancer cells.
Introduction
Telomere is a special and highly conserved structure at the ends of eukaryotic chromosomes and its stabilization is necessary for tumor immortalization (1) . Most of human tumors including bladder cancer maintain infinite replicative potential through the activation of telomerase (2) . Telomerase is a large ribonucleoprotein composed of an RNA subunit (hTR), telomerase-associated protein 1 (TP1), and the human catalyst telomerase reverse transcriptase (hTERT) (3) . hTERT is concomitantly expressed with the activation of telomerase during cellular immortalization and tumor progression. Introduction of hTERT into telomerase negative cells leads to telomerase activation (4), while inhibition of hTERT impairs telomerase activity in various tumor cells (5) . Thus, hTERT is a rate limiting factor for telomerase activity and plays a key role in telomerase cellular function. Meanwhile, accumulated evidence showed that telomerase had cancer-prompting properties in mediating cellular proliferation, survival, and tumorigenesis, which were independent of its role in telomere maintenance (6) .
The gene encoding the promyelocytic leukemia protein (pml) was first identified as PML-RARa and RARa-PML fusion protein as a result of the t(15;17) chromosomal translocation in acute promyelocytic leukemia (7) . PML is localized in the discrete speckle nuclear structures known as the PML nuclear bodies (PML-NBs) or PML oncogenic domains (PODs) (8) . These nuclear bodies are critical for PML physical function and recruit many cellular components, such as Sp100, p53, Daxx and CBP300 (9) . PML is a multifunctional protein that plays essential roles in regulating critical cellular functions, including replicative senescence, cellular proliferation, apoptosis, and DNAdamage response (8) . Recent studies have identified PML as a tumor suppressor (8) . Our previous studies have demonstrated that PML expression has a negative correlation with the stage and grade of bladder cancer, and overexpression of PML could inhibit the growth of bladder cancer cells and induce cell apoptosis via a caspase-dependent pathway (10, 11) .
Several strategies have been developed to inhibit the telomerase activity as a novel cancer specific therapy. In addition, more and more cellular proteins regulating telomerase activity have been identified, such as p53, RB, Myc and WT1 (12) . However, the relationship between telomerase and PML has not been fully investigated. In the present study, using a dominant negative mutant vector of hTERT or specific shRNA to inhibit telomerase activity in telomerase positive bladder cancer T24 cells, we provide the evidence that telomerase suppression was able to activate PML-dependent p53 signaling pathway and inhibit bladder cancer cell growth in vitro and in vivo.
Materials and methods
Cell culture and reagents. The human bladder cancer cell line T24 was cultured in Dulbecco's modified Eagle's Medium (Gibco, Grand Island, NY) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Sijiqing, Hangzhou, China) at 37˚C with 5% CO 2 in a humidified incubator. Antibodies against PML, p53 and p21 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Cell transfection and establishment of stable transfectants. Dominant negative (DN) mutant reconstruct (PCIneo/hTERTDN868A), short hairpin RNA (shRNA) of hTERT and PML siRNA were transfected into cells using Lipofectamine 2000 (Invitrogen, Gaithersburg, VA) according to manufacturer's protocol, with empty vector, negative shRNA or siRNA as control, respectively. ShRNA of TERT and siRNA targeting PML were designed and synthesized by Invitrogen (Carlsbad, CA, USA). The sequence of shRNA targeting hTERT was CACGCGTCGT GGAGACCATCTTTCTTTCAAGAGAAGAAAGATGG TCTCCACGAGCTTTTTTG (sense); GATCCAAAAAA GCTCGTGGAGACCATCTTTCTTCTCTTGAAAGAAAG ATGTCTCCACGAGC (antisense). The oligo sequence for PML was GGAAGACUCAGAUGCCGAATT (sense); UUCGGCAUCUGAGUCUUCCTT (antisense). Stable hTERT dominant negative mutant transfectants were selected with 300 μg/ml G418 and verified by a telomerase activity assay and designated as T24/DN868A and T24/PCI.
TRAP-PCR-ELISA telomerase activity assay.
Telomerase activity was measured using a TRAP-PCR-ELISA assay kit following the manufacturer's instructions (Roche, Basel, Switzerland). Briefly, 2x10 5 cells were suspended with lysis buffer, and an equal amount of nuclear supernatant was used as a TRAP template for PCR reaction. The reaction mixture was incubated at 25˚C for 30 min, and then PCR was amplified for 35 cycles at 94˚C for 30 sec and 59˚C for 60 sec. Then product was mixed with a hybridization solution and incubated at 37˚C for 1 h, followed by washing and incubating for 30 min. It was then chromogenized and the absorbance was detected. For each assay, three independent experiments were performed.
Q-FISH for cytogenetic analysis.
Chromosomes from colcemid arrest cells were prepared and followed a standard Q-FISH technique (13) using the Telomere PNA FISH/FITC kit (Dako Cytomation, USA). In brief, detached cells were treated with 50 mmol/l KCl and fixed using 3:1 methanol/ glacial acetic acid; then slides were prepared. Telomere was detected using an FITC-conjugated peptide nucleic acid (PNA) probe and counterstained with DAPI. Digital images were captured under confocal microscopy at x600 magnification.
Immunofluorescence. Cells were grown on glass coverslips and fixed in 4% paraformaldehyde (PFA). After washing with PBS, cells were permeabilized using 0.1% Triton X-100 solution and blocked with 10% donkey serum. Following incubation with the primary anti-PML and anti-p53 antibodies at 4˚C overnight, cells were washed and incubated with TRITC-goat anti mouse and FITC-goat anti rabbit secondary antibodies for 30 min at room temperature. After stained with DAPI for 10 min, images were collected under confocal microscopy.
Methyl thiazolyl tetrazolium (MTT) assay.
Cell growth rate was determined by MTT proliferation assay as in our previous study (14) . In brief, various transfectants were seeded in 96-well plates, and 20 μl MTT (5 mg/ml MTT in PBS, Sigma, St. Louis, MO) was added at indicated times. After 4-h incubation at 37˚C in 5% CO 2 , the culture medium containing MTT was removed and 150 μl DMSO was added to solubilize the formazan crystals. The absorbance (O.D.) at 590 nm was measured using the Microplate Autoreader (Bio-Tek Instruments, Vermont, USA). For each assay, three independent experiments were performed.
Flow cytometry. Cells were harvested and washed by PBS. For cell cycle assay, cells were fixed with 70% EtOH, and stained with propidium iodide (PI, 50 μg/ml) in the presence of RNaseA (10 μg/ml). Annexin V-FITC and PI staining using an apoptosis kit (Invitrogen) were performed to detect cellular apoptosis. Mitochondrial transmembrane potential (Δae m ) were determined by using JC-1 probes. Stained cells were examined by flow cytometric analysis on a FACS Calibur (Becton-Dickinson & Co., San Jose, CA). For each assay, three independent experiments were performed.
Tumorigenicity assay in vivo. Four to six weeks old nude mice (Shanghai Experimental Animal Center, Shanghai, China) were used for the tumorigenicity assay. T24, T24/ PCI and T24/DN868A cells were harvested, washed, and resuspended in serum-free DMEM, and 1x10 6 cells were injected subcutaneously. The mice were sacrificed after 8 weeks to measure the tumor size. H&E and immunohistochemical staining was carried out as described previously (15) . All experiments on the animals complied with the Guidelines of Animal Care of Xi'an Jiaotong University.
Western blotting. Extraction of cytosolic and nuclear extracts and Western blotting were carried out as described previously (11, 16) . Briefly, samples were analyzed by 12% SDS-PAGE, transferred to nitrocellulose membranes, and probed with the primary antibodies and secondary antibodies coupled to horseradish peroxidase, then detected by the ECL chemiluminescent detection system (Amersham, Piscataway, NJ).
Statistical analysis. All data analysis was done by the software SPSS 13.0 for Windows. P<0.05 was regarded as the threshold value for statistical significance.
Results
Telomerase activity and telomere length decreased in T24/DN868A and T24/shTERT cells. To constitutively inactivate hTERT, human bladder cancer cell line T24 with high telomerase activity was transfected with a plasmid encoding a dominant-negative (DN) hTERT, and individual cell clones were isolated by G418 screening for 7 weeks. TRAP-PCR-ELISA analysis demonstrated that in T24/ DN868A cells, telomerase activity was sharply decreased to at most one third at 8th passage comparing with parental or empty vector control T24 cells (Fig. 1A) . We next used shRNA to transiently knocked-down hTERT in T24 cell. As shown in Fig. 1A , telomerase activity was significantly shut down when cells treated with shRNA of TERT for 72h. These results demonstrated that both DN hTERT and shTERT could successfully inhibit telomerase activity.
In addition, we stained the metaphasic chromosomes with a telomeric PNA probe to visualize the phenotype variation of telomere length in T24/DN868A cells. The green signals at the end of chromosome represented the length of telomere. As shown in Fig. 1B , the parental T24 and control T24/PCI cells displayed green signals with similar intensities at the end of almost every chromosome, whereas the 8th passage of T24/DN868A cells exhibited decreased fluorescent signals at the end of chromosome.
Telomerase inhibition suppressed proliferation and tumorigenesis in T24 cells in vitro and in vivo.
MTT assay was carried out to determine the subsequent effect of DN hTERT and shRNA on bladder cancer cell growth. As shown in Fig. 2A , cell growth rate was retarded in T24/DN868A cells in a time-dependent manner, moreover, significant growth inhibitory effect was observed at days 5, 6 and 7. Consistently, the growth rate of T24/shTERT cells was dramatically decreased at 3, 4 and 5 day after shRNA transfection (Fig. 2B) .
Next, we established tumor xenografts by subcutaneous injection of 1x10 6 T24, T24/PCI, or T24/DN868A cells into 6-8-week old nude mice. The tumor specimens were further analyzed by H&E staining. We found parental T24 or T24/PCI cells could form detectable tumors as early as 14 days, whereas T24/DN868A cells did not form tumors until 5 weeks after injection. Furthermore, mice injected with T24/DN868A cells demonstrated a sharply decelerated speed in tumor formation (Fig. 2C) with a smaller mean volume of 41.3±8.9 mm 3 , whereas the mean tumor volume in mice injected with T24 or T24/PCI cells were 96.3±12.89 and 82.6±10.07 mm 3 , respectively (Fig. 2D) . Histological staining further showed that tumors derived from T24/DN868A cells were less malignant compared to tumors derived from T24 or T24/PCI cells (Fig. 2E) .
Cell cycle arrest and apoptosis were induced in T24 cells with telomerase inhibition. To determine the distribution of cells at G1, S and G2/M phases after telomerase inhibition, we collected different transfectants and performed flow cytometry analysis. Data showed that the majority of T24/ DN868A and T24/shTERT cells were arrested in G1 phase under telomerase inhibition (G1, 43-49%; S, 28-30%), while more parental or control cells entered to the S phase (G1, 26-27%; S, 45-47%) (Fig. 3A) .
In addition, we detected cellular apoptosis in T24 cells with telomerase inhibition by Annexin V-FITC/PI staining. 
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Telomere length analysis of stable cell clone with telomere inhibition by Q-FISH. Individual metaphase chromosomes from T24, T24/PCI and the 8th passage of T24/DN868A subclones were stained using FITC-labeled PNA telomere probe (green) and counterstained with DAPI (blue). The intensity of green signals corresponds to the length of telomeres (magnification, x600).
The percentage of apoptotic cells in T24/DN868A and T24/shTERT cells were 14.45±2.1% and 18.63±2.7% respectively, which were much higher than parental or control cells (P<0.05, Fig. 3B ). Since the collapse of mitochondrial transmembrane potential (Δae m ) has been considered critical in triggering apoptotic pathways (17), we assayed the contribution of telomerase inhibition to Δae m . Consistently, a significant loss of Δae m was obtained in T24/ DN868A and T24/shTERT cells comparing with parental or vector control cells (Fig. 3C) . These data indicate that telomerase inhibition could inhibit cell growth, cause cell cycle arrest at G1 phase and increase cell apoptosis.
PML and p53 were accumulated and colocalized in nucleus after telomerase inhibition. PML has a wide variety of biological functions including induction of apoptosis, senescence, protein turnover, and regulation of gene expression (18) . Staining with anti-PML antibody and counterstained with DAPI, we found green PML sparkles were accumulated in the nucleus in T24/DN868A and T24/shTERT cells (Fig. 4) . Moreover, Western blotting showed the PML expression was higher in T24/DN868A and T24/shTERT cells, and most of them were located in the nucleus (Fig. 5A and B) , and tumor specimens from T24/DN868A cells also showed an overexpression of PML in the nucleus by immunohistochemical staining (Fig. 5C ).
p53 is a negative modulator for hTERT, and shares a similar subcellular distribution pattern with hTERT throughout mitosis (19) . Here, using double immunofluorescence, we found that more red sparkles of p53 were translocated into nucleus in T24/DN868A and T24/shTERT cells comparing with parental or control T24 cells (Fig. 4) , and intense p53 nuclear staining was also verified by immunohistochemistry in tumor tissues derived from T24/DN868A cells (Fig. 5C) . Notably, most of nuclear p53 spots were colocalized with PML in T24/DN868A and T24/shTERT cells, which were displayed as yellow spots (Fig. 4) .
PML was indispensable for p53 activation after telomerase inhibition. PML has previously been shown to regulate p53 localization to PML-NBs in primary or telomerasepositive cells (20) . Therefore, siRNA targeting PML was used to determine whether the alteration of p53 resulting from telomerase inhibition was PML-dependent. Immunofluorescence demonstrated that expression of PML was significantly knocked down by siRNA after 72-h transfection (Fig. 6A) . Furthermore, we found that most of p53 were displayed in the cytoplasm in PML-knockdown T24/ DN868A cells (Fig. 6B) , and one of the p53 downstream target p21 expression was dramatically decreased comparing with control cells (Fig. 6C and D) . On the other hand, the enhanced total protein level of p53 after telomerase inhibition was not affected by PML down-regulation (Fig. 6C and D) , which indicating that although PML does not interfere with p53 stability or expression, it is indispensable for p53 activation and translocation upon telomerase inhibition.
Discussion
Activation of telomerase plays an important role in tumor cell immortalization via preventing telomeres from shortening. The enzymatic activity of telomerase is dependent upon hTERT, the catalyst moiety of the telomerase holoenzyme. The rate-limiting step of hTERT in telomerase activation makes it an attractive target for modulating telomerase activity. Numerous reports, which focused on the dysfunction of hTERT by various ways such as mutation in the N-terminus or RNA interference, have demonstrated the obviously impaired effects of telomerase inhibition on cell growth and invasion (21, 22) . Previous studies have shown that point mutation of the invariant Asp residues (D712, D868, or D869) in the conserved reverse transcriptase regions of hTERT could abolish telomerase activity in the yeast telomerase reverse transcriptase Est2p (23) . In the present study, we used a DN hTERT at 868 residues and specific TERT shRNA to inhibit telomerase activity, and then investigated the variation of growth behavior in bladder cancer. We found both of the DN hTERT and shTERT could successfully inhibit telomerase activity and shorten telomere length. Moreover, telomerase inactivation specially retarded cell growth rate, arrested cell cycle in G 0 /G 1 phase in vitro and reduced tumorigenicity in vivo. These biological effects are consistent with other mutant hTERT vectors and shRNA (21, 22) .
The survival of tumor cells depends on the balance between proliferation and apoptosis. In the present study, we explored the apoptotic effects of telomerase inhibition on bladder cancer. Our results displayed a significant increase of apoptosis and dramatic loss of mitochondria membrane potential (Δae m ) in T24/DN868A and T24/shTERT cells. This observation is consistent with recent findings that hTERT possess anti-apoptotic characteristics in many cultured cells (24, 25) .
Several lines of evidence have demonstrated that PML is a tumor suppressor (8) , and it is considered to be an important component in the process of cellular senescence and apoptotic responses (26) . In cells using a telomeraseindependent mechanism termed alternative lengthening of telomeres (ALT) to maintain telomeres, PML is an indispensable ingredient for the formation of ALT-associated promyelocytic leukemia (PML) nuclear bodies (APBs) (27) . In the present study, our results illustrated that PML expression increased and most protein translocated into nucleus from cytoplasm in vitro and in vivo after hTERT inactivation or depletion. Recently, it was reported that PML-IV has a negative effect on the function of telomerase in the post-transcriptional state and possibly induced telomere erosion (28) , which supported our speculation from another side. Consistently, loss of PML and increase of hTERT were detected in bladder cancer and associated with tumor invasiveness and malignant grade (29, 30) . Taken together, it opens up the possibility that dysfunction of TERT and PML may be involved in the onset of urothelial disorders.
p53 is a transcriptional suppressor of hTERT (31) , and modulated by PML at multiple levels (32) . In this study, enhancement of p53 and p21 expression and accumulation of nucleic p53 foci were observed after telomerase inhibition, and all of these foci shared a similar subcellular distribution pattern with PML. PML-NBs contribute to the post-translational modification of p53 (32) , and the C-terminus of PML-IV, which is required for TERT interaction, overlaps with the motif necessary for its interactions with p53 (33) . Recent studies have shown that p53-dependent responses are defective in cells lacking expression of the PML gene (34) . In the present study, we demonstrated PML was indispensable for p53 translocation and its dependent p21 induction after TERT inactivation, while it does not affect the total p53 protein levels. This result suggests PML may mediate the interaction between TERT and other PML-associating enzymes, such as p53.
In summary, our data show that growth inhibition associated with telomerase suppression could be induced by a point mutation vector of hTERT at 868 residues or shRNA. Translocation of PML and p53 and their colocalization in bladder cancer T24 cells suggests that the growth arrest and apoptosis caused by telomerase inhibition is mediated by PML. 
